A recently developed method for quantitative assessment of regional lung ventilation was employed for the study of posture-dependent ventilation differences in rats. The measurement employed hyperpolarized 3 He MRI to detect the build-up of the signal intensity after increasing numbers of 3 He breaths, which allowed for computation of a regional ventilation parameter. A group of six anesthetized rats was studied in both supine and prone postures. Three-dimensional maps of the ventilation parameter were obtained with high spatial resolution (voxel volume ϳ2 mm 3 ). Vertical (dorsal-ventral) gradients of the ventilation index, defined as the regional ventilation normalized by the average ventilation within the whole lung, were investigated. Variations in the regional distribution of the ventilation parameter, as well as of the ventilation index, could be detected, depending on the posture of the rats. In supine posture, ventilation was elevated in the dependent parts of the lungs, with a linear gradient of the ventilation index of Ϫ0.11 Ϯ 0.03 cm Ϫ1 . In prone posture, the distribution of ventilation was more uniform, with a significantly (P Ͻ 0.001) smaller gradient of the ventilation index of Ϫ0.01 Ϯ 0.02 cm Ϫ1 . It is concluded that the 3 He MRI-based method can detect and quantify regional ventilation gradients in animals as small as the rat and that these gradients depend on prone or supine posture of the animal.
hyperpolarized gas magnetic resonance imaging; helium-3; lung function; posture dependence IT IS WELL KNOWN THAT THE distribution of regional pulmonary ventilation depends on the posture of an air-breathing animal or human (27) . This has classically been attributed to effects of gravity on pleural pressure and alveolar expansion (24) . Regional ventilation values change dramatically between prone and supine body postures, with predominantly dorsal ventilation in supine posture and a more uniform distribution of ventilation in prone posture (15, 16, 20, 31, 40, 41) . Oxygenation and gas exchange improve in prone posture, but the exact mechanism remains unclear (27) . This is not fully explained by effects of gravity, and other important factors have been suggested, e.g., dorsoventral differences in lung structure balancing out the gravitational forces in the prone posture (37) . Various studies on the influence of posture on the regional distribution of ventilation have been conducted on humans and large animals like dogs, sheep, and pigs (28) , but no data are available for small species like the rat.
In the past, quantitative measurements of regional lung ventilation have been obtained with invasive techniques or with radioisotope imaging (2, 3, 5) , but these methods have been limited in their spatial and temporal resolution. Improved spatial resolution has been realized with xenon-enhanced computed tomography, where the ventilation is determined from the wash-in and wash-out rates of stable xenon (13, 14, 18, 20) . Using a MRI-based method, regional ventilation has been evaluated qualitatively from the variations in lung parenchyma signal when a volunteer was breathing air and pure oxygen, respectively (10) .
The possibility to use hyperpolarized 3 He gas for magnetic resonance imaging (9, 19, 23) has opened new possibilities for the examination of lung ventilation and flow patterns (6) . Mata et al. (21, 22) qualitatively investigated the dependence of ventilation on posture by imaging healthy humans in prone and supine posture. In the most inferior (dependent) parts of the lung, they found local ventilation defects when a subject was imaged in supine posture. These defects, which resolved when the subject was imaged in prone posture, were attributed to posture-dependent atalectasis (closure of small airways). Similar findings were observed in a study of healthy and asthmatic subjects by Altes et al. (1) .
Recently, Deninger et al. (8) demonstrated a quantitative method to assess regional ventilation in guinea pigs with high spatial resolution. The method employed a mathematical model to describe the buildup of the magnetic resonance (MR) signal after administering a certain number of 3 He breaths. Thus a regional ventilation parameter, defined as the relative exchange of gas per breath, could be determined with an accuracy of 2-5% and a spatial resolution better than 1 mm. However, the previous study (8) was restricted to two-dimensional imaging of a single thin slice of the lungs.
In the present study, the 3 He-MRI-based method was used to calculate high-resolution three-dimensional (3D) maps of the regional ventilation parameter in rats in both prone and supine posture. The objective was to investigate whether posturedependent gradients of ventilation could be detected in the rat lung.
MATERIALS AND METHODS
Ventilation model. Our ventilation model, published by Deninger et al. (8) , treats ventilation as a discontinuous, cyclic process. After an inspiration of pure 3 He, a fraction r of a given volume element is replaced by fresh 3 He, whereas a fraction q contains gas remaining from previous inspirations:
where V old and Vfr denote the volumes of old and fresh gas within the volume element, respectively. We assume that all breaths are identical, which is well fulfilled during mechanical respiration, as employed in this study. The unitless parameter r then gives the relative exchange of fresh gas per breath, which serves as a measure of lung ventilation.
To measure the ventilation parameter r, a breathing cycle consisting of N air breaths followed by n breaths of pure 3 He is repeated several times with increasing values of n. The duration between consecutive breaths is denoted . After the jth inspiration of 3 He in the nth cycle, the available magnetization M( j, n) of 3 He per unit volume consists of 1) the magnetization Mnew of fresh 3 He from the jth inspiration, and 2) magnetization remaining from previous breaths of the same cycle (for j Ն 2). Fraction 1 is subject to spin-lattice relaxation in the external 3 He reservoir, T1,ext, caused by surface relaxation (11) and field gradient relaxation (36) . Fraction 2 is mainly affected by oxygen-induced relaxation in the lung, T 1,O 2 , during the interval (35) . Other relaxation mechanisms play an insignificant role and are neglected here (7) . Thus M( j, n) can be written recursively:
with a start value M(0,n) ϵ 0 and an exponentially decaying "reservoir magnetization" Mnew(n):
Here, B counts the total number of inspirations between the first 3 He breath of cycles 1 and n, and C is a proportionality factor.
Whenever the inspiratory gas is switched to 3 He, oxygen is washed out from the lungs. After the jth inspiration of 3 He, the oxygen partial pressure (PO2) has decreased to PO2( j) ϭ P0q j , where P0 denotes the PO2 before the first 3 He breath of a cycle. The relaxation time of the oxygen-induced depolarization is related to PO2 via
with a proportionality factor Ϸ 2.6 bar/s at body temperature (35) . Insertion of Eqs. 3 and 4 into Eq. 2 yields
where E ϵ exp(Ϫ/T 1,ext). Equation 5 can be rearranged to explicitly express the signal intensity S(n) after the nth 3 He inspiration, which is proportional to the magnetization M(n,n):
A nonlinear least squares fit of Eq. 6 to the measured signal intensities is used to compute the ratio q and thus the ventilation parameter r ϭ 1 Ϫ q.
Polarization and administration of 3 He. 3 He was polarized using spin-exchange optical pumping (IGI 9600 Helium Polarizer, Amersham Health, Durham, NC). A quantity of 1.1 bar/l was polarized to 35% within 15 h. The hyperpolarized 3 He was collected in a 300-ml Tedlar bag (Jensen Inert, Coral Springs, FL) at 1-bar pressure. The bag was connected to an in-house-built respirator, described elsewhere (8) .
Animal preparation. Six Sprague-Dawley rats (male, 350 -400 g; breeder: M&B, Ry, Denmark) were anesthetized subcutaneously with a mixture of fentanyl (0.1 mg/kg) and fluanisone (5 mg/kg) (Hypnorm, Janssen Animal Health, Saunderton, UK) and midazolam (2.5 mg/kg; Dormicum, Hoffman-La Roche, Basel, Switzerland). The left jugular vein was catheterized for intravenous administration of anesthesia and a neuromuscular blocking agent (pancuronium, Pavulon, Organon Teknika, Boxtel, Netherlands). After tracheal intubation, the animals were placed in the MR scanner and ventilated by the respirator mentioned above. During imaging, the body temperature of the animals was monitored continuously and was kept within the range 37-38°C by circulating a heated fluid through the animal bed. Two animals were imaged in supine posture first, followed by imaging in prone posture. The other four animals were imaged in prone posture first. The breathing rate was set to 30 breaths/min. The peak inspiratory pressure was 20 cmH 2O, resulting in tidal volumes (VT) in the range of 9 -12 ml. Inspiration and expiration times were 0.5 and 1.0 s, respectively. Positive end-expiratory pressure was not used. The reproducibility of gas volumes administered by the ventilator was tested in separate experiments and was better than 2% (8) . The experiments were approved by the local ethics committee (Malmö/ Lunds djurförsöksetiska nämnd; appl. no. M4 -01). 3 He imaging. All experiments were performed on a 2.35-T scanner (BioSpec 24/30, Bruker BioSpin, Ettlingen, Germany) using a birdcage radio-frequency coil (Bruker BioSpin) with 72 mm diameter and 110 mm length, tunable to the Larmor frequencies of 1 H (100.1 MHz) and 3 He (76.6 MHz). Coronal, sagittal, and axial proton scout images were acquired for proper localization of the 3 He images. The breathing pattern used for the experiment is shown in Fig. 1 . An experiment consisted of four ventilator cycles, each cycle comprising 15 air breaths followed by an increasing number {1, 2, 3, 4} of helium breaths. After the last helium inspiration of each cycle, breathing was suspended for 3.5 s. To minimize effects of gas motion and turbulence, image acquisition was started 0.5 s after the onset of the breath hold. A 3D fast low-angle shot sequence was employed (repetition time, echo time, and flip angle ϭ 2.1 ms, 0.9 ms, and 2.5°, respectively; field of view ϭ 6 ϫ 5 ϫ 4.5 cm 3 ; acquisition matrix ϭ Fig. 1 . Illustration of breathing pattern and image acquisition. Each ventilator cycle consisted of 15 air breaths followed by an increasing number of 1, 2, 3, or 4 3 He breaths. Imaging was performed during inspiratory apnea after the last 3 He breath of a cycle.
48 ϫ 48 ϫ 24). The images were interpolated by zero-filling to a final size of 96 ϫ 96 ϫ 48 voxels. The 3D image set was positioned to cover all parts of the lungs and the trachea. Before and after the air/ 3 He cycles sketched in Fig. 1 , 3 He reference images were obtained to monitor the T 1 relaxation of the hyperpolarized gas in the plastic bag. The experiment was repeated twice on each animal, in prone and supine postures, respectively.
Data analysis. Data analysis was carried out using software implemented in MATLAB (MathWorks, Natick, MA). First, the noise level of an image was calculated from the mean background signal, S back, using the relation noise ϭ ͱ2/ ⅐ Sback (12) . The signal-to-noise ratio (SNR) of an image was assessed by dividing the mean signal intensity within a large region of the lung by the noise level.
The external relaxation time T 1,ext in the 3 He reservoir was computed from the decay of the average image intensity of the reference images. The regional ventilation parameter r was then calculated in each voxel (interpolated voxel volume: 0.3 mm 3 ) by fitting the function given by Eq. 6 to the signal intensities S(n) in images acquired after n ϭ 1, 2, 3, and 4 3 He breaths. Background voxels were excluded by selecting a threshold SNR of 20 in the last (n ϭ 4) image. Values of ϭ 2 s and N ϭ 15 were used in the experiments. In the calculation, a value of P 0 ϭ 135 mbar served as approximation of the intrapulmonary oxygen partial pressure (26, 29) .
Calculation of posture-dependent ventilation gradients. To compare interindividual results independent of the absolute value of the ventilation parameter, maps of the ventilation index (VI) were generated for each animal. The VI was calculated by dividing the ventilation parameter of each voxel by the average value of all voxels, excluding the trachea and the bronchi. The latter regions were omitted from the VI calculation by excluding all voxels with ventilation parameter Ͼ0.8. The total end-inspiratory lung volume was estimated by multiplying the voxel volume with the number of voxels included in the VI calculation.
Next, the dependence of the VI on the vertical coordinate y was investigated. The coordinate axis y was chosen antiparallel to the direction of gravity, perpendicular to the coronal plane. Negative y-coordinates thus denote lower (more inferior) parts of the lung. The analysis of VI(y) was performed in columns containing Յ30 voxels (apical region of lungs) or Յ40 voxels (midbase region), corresponding to vertical distances of 2.8 -3.8 cm. To increase the accuracy of the computation, only columns with Ն5 data points in the ventral-dorsal direction were analyzed. For computation of the VI gradient (‫ץ‬VI/‫ץ‬y), the coronal planes of the VI map were smoothed by averaging regions of 5 ϫ 5 voxels. The effective resolution of the VI gradient maps (see Fig. 5 ) is thus ϳ3 mm.
As pulmonary ventilation decreases with increasing distance from the hilus (8, 34), a nonlinear variation of the VI(y) is expected. For this reason, a quadratic rather than a linear function was chosen to model the dependence of VI(y):
The function VI(y) was fitted to the ventilation parameter data using a least squares fit, with a, b, and c being the free parameters of the fit. ytop, ybottom, and ymid are the coordinates of the uppermost, lowermost, and middle voxel of each column, respectively. The parameter y mid was introduced to render the analysis independent of translations along the y-axis. The linear coefficient b was used as a measure of the linear vertical ventilation gradient. In addition, the reduced 2 value (4) was computed to evaluate the quality of the fit.
For each animal, median values of the gradient b were calculated globally, as well as in apical (apex to midlung) and midbase (midlung to top of diaphragm) regions. To evaluate statistically significant differences between prone and supine postures in each animal, P values were calculated according to Student's paired t-test.
RESULTS
Images were obtained with average SNR values ranging from 35 (one 3 He breath) to 75 (four 3 He breaths). Total end-inspiratory lung volumes were 21.0 Ϯ 1.1 and 20.9 Ϯ 0.7 ml in prone and supine postures, respectively. Representative examples of the signal build-up in voxels with high and low values of the regional ventilation parameter r are shown in Fig.  2 . Overall, values of r varied between ϳ0.2 in the peripheral regions and nearly 1 in the trachea and the major bronchi, indicating a near-complete per-breath renewal of gas in the latter regions (Fig. 3) . Averaged over all animals, the ventilation parameter was 0.49 Ϯ 0.03 (mean Ϯ SD) in prone posture and 0.52 Ϯ 0.05 in supine posture (see Table 1 ).
In supine posture, a clear tendency toward increased values of r in the dependent (most inferior) parts of the lung (direction of gravity indicated by arrows in Fig. 3 ) was discernible in the sagittal and axial views of the 3D ventilation maps. Considerably lower values (decrease by up to ϳ40%) were found in the nondependent (most superior) parts. By contrast, the corresponding maps computed from images taken in prone posture appeared more homogeneous and depicted a more uniform distribution of the ventilation parameter. Within the trachea and the major airways, the ventilation parameter did not differ systematically in prone and supine posture. Figure 4 shows plots of the VI(y), measured in single-voxel columns in the apical and midbase regions of the lungs of a representative animal (animal 4), in both prone and supine postures. The solid line is a fit of Eq. 7 to the data points, and the dashed line represents the linear component (the coefficient b of Eq. 7). The nonlinear course of VI(y) is visible in particular in the apical lung region. Consistently, this is seen in both prone and supine postures (Fig. 4, A and C) . ). This dependence on posture is still more prominent in midbase lung regions (Fig. 4, B and D) . Again, the linear coefficient is zero (b ϭ 0.00 cm Ϫ1 ) in prone posture and Color-coded maps and histograms of the linear gradient b (cm Ϫ1 ) of the VI are shown in Fig. 5, A and B, respectively. Blue colors indicate negative gradient values and thus a decrease of the VI toward nondependent lung regions. For animals imaged in prone posture, the VI gradients are close to zero everywhere in the lungs, except for some areas near the edges of the gradient maps. The absence of vertical VI gradients is also seen in the corresponding histograms, where the distributions are centered at about zero (mean Ϯ SD of all animals ϭ Ϫ0.02 Ϯ 0.01 cm Ϫ1 ). In supine posture, more pronounced vertical VI gradients are found. Gradients are noticed particularly in the midbase region of the lungs (Ϫ0.18 Ϯ 0.03 cm Ϫ1 ). In the apical regions, the magnitudes of the VI gradients are smaller (Ϫ0.07 Ϯ 0.03 cm Ϫ1 ) but still considerably larger than in prone posture. Consequently, in the histogram representation (Fig. 5B) , the distributions of VI gradients center at about Ϫ0.14 cm Ϫ1 in supine posture. These Values are means Ϯ SD of whole lung. The bottom row shows the interindividual variation of the mean value. To exclude the trachea and the bronchi, voxels with r Ͼ 0.8 are omitted. findings are summarized in Table 2 , which lists the calculated VI gradients in prone and supine postures, measured both globally and regionally within areas near the apex and the lung base, respectively. Significant differences of the median VI gradients are found in all regions of the lung (P Ͻ 0.01), depending on whether the animal was placed in prone or supine posture.
To test the significance of the measured VI gradients, the quadratic term of Eq. 7 was subtracted from the measured VI data points, and the correlation between the "linearized" VI values and the vertical distance y was computed. Figure 6 shows maps of the squared correlation coefficient R 2 between VI and vertical location for prone and supine image sets. In prone posture, the correlation was generally very low (R 2 Ͻ 0.4), whereas a high correlation was found in supine posture (R 2 Ϸ 0.7). Viewed regionally, the steep gradients measured in basal regions yield correlation values of R 2 Ͼ 0.8, whereas the somewhat lower values in apical regions (R 2 Ϸ 0.6) correspond to shallower gradients (cf. Fig. 5A ). Results of the correlation coefficient are summarized in Table 3 .
DISCUSSION
In this study, the signal build-up after increasing numbers of 3 He inspirations is used to calculate a parameter r, which denotes the relative exchange of gas per breath within a local volume element of the lungs. This quantity is related, but not equal, to the traditional definition of alveolar ventilation, which is the total volume of fresh gas entering the respiratory zone each minute (38) . However, there exists a simple relationship between the parameter r and the specific ventilation, sV , defined as the ventilation normalized to the regional lung air content. Averaged over the whole lung, the alveolar sV and ventilation parameter r are given by sV ϭ f͑VT Ϫ VDS͒ FRC and r ϭ VT Ϫ VDS VT Ϫ VDS ϩ FRC (8) where f is the breathing rate (min Ϫ1 ), VT is in ml, VDS is dead space volume (ml), and FRC is functional residual capacity (ml). From Eq. 8, it follows that sV ϭ f r 1 Ϫ r
On a regional scale, the same relation is obtained by using the definition given in Eq. 1. For small values of r (r Ͻ 0.15-0.20), the relationship between r and sV is thus approximately linear.
In the experiments, FRC was not measured, but, given the high inspiratory pressure of 20 cmH 2 O and large VT (ϳ25 ml/kg), the computed end-inspiratory lung volumes of Ϸ21 ml can be regarded as a measure of the total lung capacity. The FRC can thus be estimated by subtracting the VT from the end-inspiratory lung volume, yielding an average value of FRC of ϳ10 ml. Neglecting the dead space, the average sV can then be estimated, according to Eq. 8, to ϳ33 min
Ϫ1
. This is in good agreement with the value of 30 min Ϫ1 , which is obtained by inserting an average value of r ϭ 0.5 in Eq. 9. In peripheral lung regions, where r ϳ 0.2, Eq. 9 yields sV ϭ 7.5 min Ϫ1 . The latter value can be compared with sV Ϸ 4.6 min Ϫ1 reported for a rabbit study with VT ϭ 12.7 ml/kg (32) .
Since the ventilation parameter is measured after inspiration of pure 3 He, a gas with higher diffusion coefficient than air, the absolute values of the ventilation parameter can be expected to be somewhat higher compared with the gas exchange of air, at least in terminal airways where the gas transport is driven by diffusion rather than flow. On the other hand, in these regions, the diffusion of helium is strongly restricted by the alveolar walls, which reduces the difference in diffusion velocity between 3 He and air. Our main finding is that, in supine posture, the regional ventilation parameter increases toward dependent parts of the lungs, whereas a more homogenous distribution is found in prone posture. In other words, in supine posture, dorsal regions are better ventilated. This finding is in general agreement with results obtained in large animals (20, 37) and humans (30) , yet, to our knowledge, the present study is the first to describe the phenomenon in an animal as small as the rat.
The method of measurement has been adopted from a previous proof-of-principle study (8) , which was able to show that hyperpolarized 3 He MRI offers the possibility to assess regional lung ventilation in small animals quantitatively and with high accuracy. However, the experiments described in Ref. 8 were restricted to imaging of a single thin coronal slice of the lungs. In the present study, the technique was employed to acquire high-resolution 3D images in both prone and supine postures. An advantage of the 3D acquisition and analysis is that data from the entire lungs are utilized.
Compared with the earlier study (8), a modified breathing scheme was used. To compensate for the smaller voxel volume in the present study, VT were increased by a factor of 3-4 in order to optimize the image SNR and thus improve the measurement accuracy. The average ventilation parameter of r Ϸ 0.5 implies that the VT approximately equals FRC (cf. Eq. 8). For a human, this corresponds to a VT of Ն2 liters. Hence, the ventilation distribution observed in this study may differ from more normal breathing patterns. In particular, due to the increased gas intake, the assumption of an initial intrapulmonary oxygen pressure of P 0 ϭ 135 mbar may be an underestimation. However, the error of the ventilation parameter r due to an underestimation of P 0 is at most ϳ2% and becomes even smaller with increased ventilation, as oxygen is washed out more rapidly from the lungs (8) . Furthermore, efforts were made to limit the consumption of 3 He: the maps of the ventilation parameter were calculated from {1, 2, . . . , 4} 3 He breaths only, instead of using {1, 2, . . . , 7} breaths. Also, the number of air breaths was reduced from 20 to 15, thereby shortening the total duration of a measurement to ϳ2.5 min. From SNR considerations and error analysis as outlined in Ref.
8, we estimate the relative uncertainty (⌬r/r) of the calculated ventilation parameter r to be Ͻ15% in voxels with r Ͼ 0.3, Ͻ9% for r Ͼ 0.4, and Ͻ6% for r Ͼ 0.5. Clearly, this uncertainty alone does not account for the observed intraindividual variability of r (Table 1) : if the scatter of r was caused by noise only, a standard deviation of 0.03 rather than ϳ0.11 would be expected for r. We thus presume that the measured variability is of physiological origin and only to a small extent influenced by noise. In poorly ventilated regions, e.g., under pathological conditions or when low VT are used, the precision of the method will obviously degrade. In such cases, SNR may be regained by sacrificing spatial resolution or by optimizing the scheme of helium inspirations [e.g., {1, 3, 5} inspirations are superior to {1, 2, 3, 4} (8)]. The polarization level of the 3 He is certainly crucial: in this study, the polarization was ϳ35%. We are confident that our polarizer may be optimized to yield ϳ50%, which would increase the SNR by Ͼ40%.
As the ratio of VT and total lung volume varied in different animals, the absolute values of the per-breath gas replacement differed substantially (relative scatter of mean value, 20%). Therefore, the VI was computed for each animal to enable an interindividual comparison of the results. VI is a measure of regional lung ventilation relative to global lung ventilation, excluding regions such as the trachea and the bronchi, which do not take part in the alveolocapillary gas exchange.
To quantify posture-dependent ventilation changes, the vertical gradient ‫ץ‬VI/‫ץ‬y of the VI was calculated. For this step, each point of a VI map was averaged over a 5 ϫ 5 pixel region in the coronal plane to reduce the effect of fluctuating r values. The aforementioned uncertainty in the ventilation parameter propagates to an uncertainty in the VI gradient, which decreases with an increasing number of voxels used for the calculation of ‫ץ‬VI/‫ץ‬y. Based on Monte Carlo simulations, we estimate that the uncertainty in the VI gradient in this study is at most Ϯ0.02 cm Ϫ1 (r ϭ 0.2, VI gradient calculated across 5 voxels), and typically Ϯ0.01 cm Ϫ1 (r ϭ 0.3, VI gradient calculated across 15 voxels).
In the literature, vertical pressure gradients in the lung have been expressed as linear gradients (25, 39) . Although somewhat of an oversimplification, a linear slope is an easily understood method to describe a general trend in the data. Plots of the VI as a function of the vertical coordinate y (Fig. 4) , however, reveal an obvious nonlinear dependence, with elevated VI in the central part of the lung. Robertson et al. (34) reported reduced ventilation in the periphery of the lungs in pigs, but the central-to-peripheral gradient in that study (0.060 cm Ϫ1 ) is clearly smaller than in our measurement, as shown in Fig. 4 , A and C. The strong nonlinearity in Fig. 4 is most likely explained by the presence of 3 He in conducting airways: the ventilation parameter r in the conducting airways (the anatomical dead space from trachea to the terminal bronchioles) is Ϸ1 (8). In central voxels, the signal contribution from the anatomical dead space is presumably significant, whereas it is negligible in the most peripheral voxels. Thus the ventilation parameter is supposed to be a relevant measure of alveolar ventilation only in the periphery of the lung. To account for the elevated ventilation parameter within the center of the lungs, a quadratic rather than linear fit function (Eq. 7) was chosen to describe VI(y). The 2 value was reduced by a factor of 3, on average, by using the quadratic fit, demonstrating the superiority of this fit function to model the course of VI(y). The quadratic fit thus allows for distinguishing between the parabolic, gas-replacement-induced variation of the VI and purely linear variations, which may have different physiological interpretations (27) . One way of probing the significance of the linear VI gradients is to compute the correlation coefficient between VI values and vertical distance y after subtraction of the quadratic term of Eq. 7. The low correlation observed in prone posture indicates that vertical VI gradients are zero or at most very small. (In a few cases, high R 2 values are observed in prone posture near the edges of the lungs, where the 3D data set comprises only a small number of voxels along the vertical axis, increasing the likelihood of an accidental alignment of data points.) In supine posture, on the other hand, high correlations are found within large regions of the lungs, in particular in the midbase regions (see Fig. 6 ).
The vertical VI gradients determined in this study (Table 2) Tentatively, higher gradient values in a smaller animal could be explained by the shorter distance, across which the regional variation of ventilation takes place.
Our measurement technique, which has been optimized with respect to small-animal imaging, would require more severe modifications if applied to larger animals or even humans. Even though the number of helium inspirations has been reduced compared with the previous guinea pig study (8) , the number of helium inspirations is still fairly large. The impendence of hypoxia in human subjects (33) could be alleviated by adding oxygen to the inspiratory gas admixture. In this case, however, the depolarizing effect of molecular oxygen has to be considered in the mathematical model. A more general limitation is the need for absolutely reproducible inspiration volumes, which calls for the use of a mechanical ventilator.
In summary, hyperpolarized 3 He was used to quantify a regional ventilation parameter, defined as per-breath gas replacement, in rat lungs, employing 3D MRI with high spatial resolution. Regional gradients of the ventilation parameter along the vertical (dorsal-ventral) direction were measured when the animals were placed in supine posture, indicating increased ventilation in dorsal lung regions. The gradients were significantly smaller, and close to zero, in prone posture. While the presence of ventilation gradients in rat lungs may be of limited physiological significance, its magnitude corresponds to findings reported in larger animals and may thus hint toward the existence of common mechanisms determining the distribution of ventilation in mammals of different sizes. We conclude that ventilation gradients can be detected in animals as small as the rat and that the described method could provide a novel alternative to other techniques, such as xenon-enhanced computed tomography, for ventilation investigations with high spatial resolution.
